Interaction Between Polyacrylonitrile and Alkalis
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ABSTRACT: Interactions between highly isotactic acrylo-
nitrile homopolymers and alkalis in dimethyl sulfoxide sol-
vent were examined. Coloration occurred as soon as poly-
acrylonitrile was added to a dimethyl sulfoxide/alkali mix-
ture. The effects of alkali on highly isotactic polyacrylonitrile
were greater than those on ordinary polyacrylonitrile. The
intrinsic viscosity of polyacrylonitrile decreased quickly
with the addition of sodium ethoxide and sodium hydrox-
ide, and the effect of sodium ethoxide was more prominent
than that of sodium hydroxide. As the concentration of
sodium ethoxide and sodium hydroxide went beyond 0.01
mol/L, the intrinsic viscosity showed a trend of increasing.
Within the first half-hour, there was a great drop in the

intrinsic viscosity of highly isotactic polyacrylonitrile, and
then the intrinsic viscosity appeared to increase. The intrin-
sic viscosity of highly isotactic polyacrylonitrile increased
continuously with the addition of diethylamine along with
time. The effects of alkalis on the tacticity of the polymers
followed the order of the alkali strength. Diethylamine was
more effective for moderating the stabilization exotherm of
polyacrylonitrile than sodium ethoxide and sodium hydrox-
ide. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 102: 272-275,
2006
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INTRODUCTION

Acrylonitrile polymer based precursors are emerging
as some of the best materials for making carbon fibers,
and the properties of the final carbon fibers are deter-
mined by the nature of the precursor fibers. It is im-
portant to select a highly stereoregular acrylonitrile
polymer for high-tenacity acrylic fibers." The stabili-
zation process of polyacrylonitrile precursors is essen-
tial for converting the fibers into an infusible form in
air via heating between 200 and 300°C. Many reagents
have been reported in the literature*® as pretreat-
ments for reducing the viscosity of acrylonitrile poly-
mers and moderating the stabilization exotherm, and
high-performance carbon fibers have been obtained.
The effects of inorganic salts and acids on the viscosity
of acrylonitrile polymers have been observed and re-
ported in the literature.”® In one case, the addition of
LiCl to the spinning dope reduced the viscosity of the
dope and moderated the stabilization exotherm of the
precursors.” To our knowledge, there are only a few
reports on the pretreatment of ordinary acrylonitrile
polymers, but there is almost no report on highly
isotactic acrylonitrile polymer. Little work has been
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done on alkali as an additive. With this view, studies
in contrast were undertaken on the interaction be-
tween alkali and highly isotactic polyacrylonitrile
(MAP) in the solvent dimethyl sulfoxide (DMSO). In
this study, a matrix—anion polymerization technique
was used to synthesize the acrylonitrile homopoly-
mer. The intrinsic viscosity ([n]) of polyacrylonitrile
was controlled and determined by the Ubbelohde vis-
cometer. The interactions between alkalis of different
strengths and MAP and ordinary polyacrylonitrile
(WSP) were studied.

EXPERIMENTAL
Homopolymers

MAP was prepared by matrix-anion polymerization
technology. The details of the polymerization technol-
ogy are given in the literature.'>!" For comparison,
WSP, synthesized by water—solvent (DMSO) suspen-
sion polymerization,'*'* was also used. The character-
istics of the polymers are given in Table 1. Sodium
ethoxide, sodium hydroxide, and diethylamine were
supplied as extrapure-grade by Shanghai Chemical
Resin Industry (Shanghai, China).

Characterization

[n] of these homopolymers in dimethylformamide so-
lutions was determined with an Ubbelohde viscome-
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TABLE 1
Important Parameters of the Samples

Sample Polymerization Triad tacticity

code technology [l

(mm) (mr)  (rr)

MAP  Matrix—anion 174 0.613 0.285 0.102
WSP  Water-DMSO suspension 2.76 0.291 0.502 0.207

ter kept vertically in a thermostatic bath at the re-
quired temperature of 25°C (*=0.05°C).

The polymers were poured into a large amount of
methanol for precipitation, washed with methanol
several times, and dried at 60°C in vacuo before NMR
and differential scanning calorimetry (DSC) character-
ization.

The triad tacticities [(mm), (mr), and (rr), where m
and r are meso and racemo dyad sequences, respec-
tively] of polyacrylonitrile were determined on the
basis of Schaefer’s assignment'* from the ratio of the
intensities for the three nitrile carbon peaks in the *C
NMR spectra. ">C NMR spectra were recorded on a
Bruker (Germany) DPX300 spectrometer in a 2.5 wt %
solution in deuterated DMSO at 80°C under the fol-
lowing operating conditions: complete decoupling
mode, a pulse delay time of 1.745 s, an acquisition time
of 0.655 s, a pulse width of 5.5 us (45° pulse), and an
accumulation of more than 3000 times.

DSC spectra of polyacrylonitrile were determined
on a PerkinElmer Delta thermal analyzer. DSC studies
were performed at a heating rate of 5°C/min in oxy-
gen with a sample of 2.5 mg; this was much like the
conditions of stabilization of the polyacrylonitrile pre-
cursors. The values of the exotherm of polyacryloni-
trile during the stabilization process were calculated
from DSC spectra.

RESULTS AND DISCUSSION

Effect of the alkali concentration on [n] of
polyacrylonitrile
For our initial experiment, two strong bases, sodium
ethoxide and sodium hydroxide, and a weak base,
diethylamine, were used. Alkali was first added to the
solvent DMSO, and then polyacrylonitrile was dis-
solved in a DMSO-alkali mixture to give a solution.
The solution was stirred for half an hour at 25°C until
a transparent and viscous complex was obtained. As
soon as polyacrylonitrile was added to the mixture,
the polymer dissolved, and coloration occurred simul-
taneously. The solution containing diethylamine did
not become as dark as the solution containing sodium
ethoxide and sodium hydroxide.

The effect of alkali on [7n] of polyacrylonitrile was
studied by the variation of the concentration of alkali
from 0 to 0.035 mol/L. Figures 1 and 2 illustrate [7] of
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Figure 1 Effect of alkali on [n] of MAP polymers.

MAP and WSP as a function of the alkali concentra-
tion, respectively. There was a great drop in [7] of the
polymer containing sodium ethoxide and sodium hy-
droxide, and then [7n] showed a trend of increasing
when the concentration of alkali was greater than 0.01
mol/L. [n] of the polymer containing diethylamine
did not drop but tended to increase. Changes in [n] of
WSP were less prominent than those of MAP. That is,
the effects of alkali on MAP were more greater than
those on WSP.

Alkalis were disassociated into ions by solvation
effects when alkalis were put in DMSO."**¢ Intermo-
lecular interaction was reduced by ions. Disentangle-
ment and slippage of entanglement crosslinking be-
gan to occur. The introduction of alkali produced a
decrease in [n] of the polymer. As the alkali concen-
tration went beyond 0.01 mol/L, the high molecular
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Figure 2 Effect of alkali on [n] of WSP polymers.
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Figure 3 Effect of time on [n] of MAP polymers.

flow became more and more difficult; [n] of the poly-
mers increased slowly.

Effect of time on [n] of polyacrylonitrile

The influence of time on [7n] of MAP was studied by
the concentration of alkali being kept at 0.01 mol/L.
Figure 3 shows a plot of [n] against time. Within the
first half-hour, there was a great drop in [n] of MAP
containing sodium ethoxide and sodium hydroxide,
and then [n] appeared to increase. Batty and Guthrie'”
indicated that the rapid [n] drop was due to random
chain scission and that the polymer chains coiled
tightly. Bashir et al.'® also reported an increase in [7]
with sodium hydroxide after an initial drop. The [7]
increase was probably due to a limited amount of
crosslinking. Gelation was observed, and a dark red-
black gel was formed 5 h later.

[n] of the polymer containing diethylamine did not
drop but increased along with time. After a few hours,
changes in [n] became less prominent, and this was in
agreement with the literature."

Correlation between alkalis and tacticity changes
of polyacrylonitrile

Because alkalis play an important role in the factors
that affect the tacticity of polymers, the effect of alkalis
on the tacticity of polyacrylonitrile is discussed. The
tacticity of the homopolymers was determined by
triad tacticity through NMR measurements. A com-
parison of the nitrile bands of alkali-treated MAP and
untreated MAP in Figure 4 shows that the addition of
a base caused a marked change in the tacticity. There
was a remarkable drop in the isotactic triad levels, and
there was a simultaneous increase in the syndiotactic
triads along with a drop in the isotactic triads; a cer-

HOU ET AL.

sodium ethoxide

2

E

= diethylamine

untreated
1 !
201 1197 1193
Chemical shift/ppm
Figure4 Expansion of *C NMR spectra of MAP polymers.

tain proportion of isotactic sequences were converted
into syndiotactic sequences. This shows that the
strong alkali abstracted the methine proton from an
isotactic triad, and the nitrile was rearranged into a
syndiotactic configuration.

Table II shows the changes in the tacticity of the
MAP and WSP polymers treated with alkalis. The
weak alkali behaved in the same way as the strong
ones, but the changes in the tacticity of the polymers
were less prominent. The effects of the alkalis on the
tacticity of the polymers followed the order of the
alkali strength: sodium ethoxide > sodium hydroxide
> diethylamine. The effects of the alkalis on the tac-
ticity of the WSP copolymers were less obvious.

Effect of alkalis on the stabilization exotherm of
polyacrylonitrile

It is reported in the literature®®*' that ammonium
itaconate and acrylamine were used as comonomers in
polymerization to moderate the stabilization exotherm
of polyacrylonitrile. In this study, the effect of alkalis
on the stabilization exotherm of polyacrylonitrile was
also studied. DSC curves of MAP and WSP copoly-
mers were obtained. For untreated MAP, there was

TABLE 11
Effect of Alkalis on the Tacticity of Polyacrylonitrile

Triad tacticity

Sample (mm) (mr) (rr)

Untreated MAP 0.613 0.285 0.102
MAP treated with sodium ethoxide 0419 0298 0.283
MAP treated with sodium

hydroxide 0483 0294 0.223
MAP treated with diethylamine 0.578 0.291 0.131
Untreated WSP 0291 0502 0.207
WSP treated with sodium ethoxide 0.236 0521 0.243
WSP treated with sodium hydroxide  0.258  0.518  0.224
WSP treated with diethylamine 0.273  0.526  0.201
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TABLE III
DSC Curve Parameters of Polyacrylonitrile

T, T, AQ
Q) (O

Sample (mJ/mg)
Untreated MAP 261.7 304.6  564.3
MAP treated with sodium ethoxide = 248.1 298.7  538.7
MAP treated with sodium hydroxide 2382 2945  526.5
MAP treated with diethylamine 217.3 288.8  504.3
Untreated WSP 243.6 298.1 4828
WSP treated with sodium ethoxide 237.8 295.6  479.2
WSP treated with sodium hydroxide 2312 294.1  468.9
WSP treated with diethylamine 2353 2926 4712

only one exothermic peak, but for MAP treated with
diethylamine, there were two separated peaks. Effects
of alkalis on the stabilization exotherm of WSP copol-
ymers were less obvious. DSC curve parameters are
given in Table III. Diethylamine was more effective for
moderating the stabilization exotherm of MAP poly-
mers than sodium ethoxide and sodium hydroxide.
MAP treated with diethylamine had a lower starting
exothermal reaction temperature. The two separated
peaks and lower start temperature made the exother-
mic reaction temperature of MAP wider, alleviated the
exothermic reaction, and moderated the stabilization
exotherm of polyacrylonitrile. Heating MAP polymers
in an oxidizing atmosphere caused the formation of a
cyclic structure consisting of naphthyridine rings and
crosslinking.”> The ammonia or amine groups in di-
ethylamine were believed to act as catalysts in the
cyclization reaction.

CONCLUSIONS

Laboratory studies of interactions between highly iso-
tactic acrylonitrile homopolymers and alkalis in the
solvent DMSO have shown that the effects of alkali on
MAP are greater than those on ordinary polymers. As
soon as polyacrylonitrile was added to a DMSO-alkali
mixture, coloration occurred simultaneously. A solu-
tion containing diethylamine did not become as dark
as a solution containing sodium ethoxide and sodium
hydroxide.

[n] of polyacrylonitrile decreased quickly with the
addition of sodium ethoxide and sodium hydroxide,
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and the effect of sodium ethoxide was more promi-
nent than that of sodium hydroxide. As the concen-
tration of sodium ethoxide and sodium hydroxide
went beyond 0.01 mol/L, [n] showed a trend of in-
creasing. Within the first half-hour, there was a great
drop in [n] of MAP containing sodium ethoxide and
sodium hydroxide, and then [7n] appeared to increase.
[n] of MAP containing diethylamine increased contin-
uously along with time. The effects of alkalis on the
tacticity of the polymers followed the order of the
alkali strength, and a certain proportion of isotactic
sequences were converted into syndiotactic sequences.
Diethylamine was more effective for moderating the
stabilization exotherm of polyacrylonitrile than so-
dium ethoxide and sodium hydroxide.
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